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Abstract
A search for single top quark production via flavour changing neutral current (FCNC)
has been performed with ≈ 2.4 fb−1 of data collected by the ALEPH, DELPHI, L3, and
OPAL detectors at LEP at
√
s= 189-209GeV. The process e+e− → t q→ bW q has been
searched for, with the W decaying into leptonic or hadronic final states. No evidence for
such a process is observed. Upper limits at the 95% confidence level on the single top
production cross-section as a function of the centre-of-mass energies are derived. Limits
on the anomalous couplings κγ and κZ are determined from those results.




In the mid-1990’s, the LEP collider at CERN entered a new phase of operation, LEP2,
with the first e+e−collisions above the W+W− threshold. Between 1998 and 2000, with
the installation of additional super-conducting radio-frequency accelerating cavities, the
centre-of-mass energy of the LEP collider was further increased. The LEP2 data accu-
mulated at centre-of-mass energies between 189GeV and 209GeV have opened up a new
kinematic domain for particle searches. The combinations presented in this note includes
measurements by the LEP Collaborations on single top quark production. No statistically
significant excess has been observed when compared to the Standard Model background
predictions. Details about the analyses of the four LEP Collaborations on single top
quark production are described in References [1–4].
2 Data Samples
The combined results are based on data collected by the ALEPH, DELPHI, L3, and OPAL
detectors from 1998 to 2000 at centre-of-mass energies between 189GeV and 209GeV.
The data sets correspond to a total integrated luminosity of approximately 600 pb−1 per
experiment. The data samples recorded in 1998 at
√
s ' 189GeV is analysed in one bin,
while the data from 1999 are divided into four bins labelled 192, 196, 200 and 202GeV.
The data collected in 2000 is analysed in two bins of mean centre-of-mass energies of
about 205 and 207GeV.
3 Single Top Quark Production
The rate expected for single top production is negligible within the framework of the
Standard Model (SM) at LEP2 energies. In the SM, single top production appears at
the loop level since Flavour Changing Neutral Currents (FCNC) are known to be absent
at the tree level. In fact Br(t→ q γ) and Br(t→ q Z) are estimated to be O(10−13) [5].
Extensions of the SM or new physics beyond the SM could enhance the single top pro-
duction at the tree level. In this note, combination of the searches to identify the FCNC
process e+e− → t¯ q when t→ bW with W → `ν¯` or qq¯′ are presented. The light quark q
is either a u or a c quark.
At the Tevatron, the CDF Collaboration has performed a search for FCNC in the top
decays t→ γ c(u) and t→ Z c(u) in pp¯ collisions at a centre-of-mass energy of 1.8TeV.
They obtained upper limits at the 95% confidence level (CL) on the branching fractions [6]:
Br(t→ cγ) + Br(t→ uγ) < 3.2% and Br(t→ cZ) + Br(t→ uZ) < 33%.
A FCNC transition can be described with the parameters κγ and κZ which represent
the tree-level γ and Z exchange contributions to e+e− → t¯c(u). Thus, the Born-level
cross-section for single top production in e+e− collisions for
√
s > mt can be written
as [7]:










































where s is the centre-of-mass energy squared, α is the fine structure constant, eq and mt
are the charge and mass of the top quark, mZ is the Z boson mass, and aw = 1−4 sin2 ϑW
with ϑW being the weak-mixing angle. Using the published limits of CDF on FCNC one
can derive the following model-dependent 95% CL limits: κ2γ < 0.176 and κ
2
Z < 0.533. The
ZEUS and H1 Collaborations also performed a search for FCNC in e p collisions at HERA.
ZEUS reports κtuγ < 0.19 [8] and H1 reports κtuγ < 0.305 [9]. It should be stressed that
the HERA experiments are only sensitive to the γ → t u coupling.
In principle, a large FCNC coupling could not only lead to the associated production
of a top plus a light quark at LEP2, but also to sizable branching ratios of the top quark
into γc(u) or Zc(u). This analysis uses only the t→ bW channel. The reduction of the
branching ratio Br(t→ bW) due to possible FCNC decays is taken into account in the
results section.
4 Combination Procedure
Limits on the single top cross-section are derived at the 95% CL from the number of
observed events, the number of expected events from SM backgrounds, the reconstruction
efficiencies, and the integrated luminosities.
The statistical procedure adopted for the combination of the different channels1 is
stated in Reference [10]. This method is refered to as the likelihood ratio method and
has been used extensively in the Higgs boson searches at LEP2. The main sources of
systematic errors affecting the signal and background rate predictions are included in the
limit derivation with an extension of the method of Cousins and Highland [11]. The effects
of including these uncertainties on the limits are small.
The combined LEP2 data are used to test two hypotheses: the background-only (“b”)
hypothesis, which assumes no FCNC signal to be present, and the signal + background
(“s+b”) hypothesis, where single top quarks are assumed to be produced according to the
model under consideration. We consider the ratio CLs = CLs+b/CLb as a conservative
approximation to the signal confidence. The 95% CL lower limit is set by identifying the
signal hypothesis which yields CLs = 0.05.
5 Results
The number of selected data and expected Monte Carlo background events as a function
of the centre-of-mass energy are shown in Table 1. The reconstruction efficiencies for the
leptonic and hadronic channels are summarised in Table 2. No excess of events is observed.
Model-independant upper limits on the single top quark cross-section have been derived at
the 95% CL from the LEP measurement assuming a 100% branching ratio of top into bW
and mt = 169, 174, and 179 GeV/c
2, including statistical and systematic uncertainties.
The largest systematic uncertainty comes from the variation of the top quark mass. The
cross-section limits are summarised in Table 3.
Finally, the combination of all the data can be used to determine limits on the anoma-
lous coupling parameters κγ and κZ using the Born-level cross-section of Equation 1.
1Data have been grouped into channels distinguished by topology, centre-of-mass energy, and
experiment.
2
These limits are obtained with the likelihood ratio method [10]. Each individual mea-
surement of all the LEP experiments at each centre-of-mass energy for the leptonic and
the hadronic channel has been used as an independent channel. Taking the statistical
and systematic errors into account the limit on the anomalous coupling parameters in the
κγ − κZ plane has been derived at the 95% CL. The reduction of the branching ratio
Br(t→ bW) due to possible FCNC decays derived at each point in the κγ − κZ plane is
taken into account in this model-dependent limit calculation. To compare our results with
the limits from Tevatron and HERA, exclusion regions for mt = 169, 174 and 179GeV/c
2
in the κγ − κZ plane were derived. The results are shown in Figure 1. It corresponds to
upper limits of κγ <0.38 and κZ <0.32 for a top quark mass of mt = 174GeV/c
2, which
becomes κγ <0.34 (0.45) and κZ <0.29 (0.40) for mt = 169 (179)GeV/c
2.
The QCD and the ISR corrections [12] modify the Born-level cross-section given in
Equation 1. The exclusion curves with the inclusion of the QCD and ISR corrections
are depicted in Figure 2. It corresponds to 95 % CL upper limits of κγ <0.36 and
κZ <0.31 for a top quark mass of mt = 174GeV/c
2, which become κγ <0.32 (0.45) and
κZ <0.28 (0.38) for mt = 169 (179)GeV/c
2. This exclusion translates into branching
fraction limits Br(t→ Zc) + Br(t→ Zu) < 6.7, 8.1 and 12.2% for κγ = 0 and mt = 169,
174 and 179 GeV/c2. The result for Br(t→ Zq) versus Br(t→ γq) is shown in Figure 3
for mt = 174GeV/c
2.
6 Summary
A search for single top quark production via FCNC has been performed with approxi-
mately 600 pb−1 of data collected per LEP experiment in e+e− collision at
√
s = 189 -
209GeV. Limits on single top quark cross-sections with QCD and ISR corrections have
been derived at the 95% CL. This leads to model-dependent 95 % CL upper limits of
κγ <0.36 and κZ <0.31 for a top quark mass of mt = 174GeV/c
2. The limits become
κγ <0.32 (0.45) and κZ <0.28 (0.38) for mt = 169 (179)GeV/c
2. It corresponds to an
upper limit of Br(t→ Zc) + Br(t→ Zu) < 6.7, 8.1 and 12.2% for κγ = 0 and mt = 169,
174 and 179 GeV/c2, which improves on the previous CDF result.
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s Lumi. Leptonic Channel Hadronic Channel
(GeV) (GeV) (pb−1) Data SM Total Data SM Total
ALEPH
189 188.6 174.0 4 2.2 ± 0.1 21 16.3 ± 1.0
192 191.6 29.0 0 0.3 ± 0.1 5 2.7 ± 0.2
196 195.5 80.0 1 1.4 ± 0.1 13 10.2 ± 0.6
200 199.5 86.0 1 1.0 ± 0.1 9 10.3 ± 0.6
202 201.6 42.0 0 0.8 ± 0.1 4 5.0 ± 0.3
205 205.1 79.9 2 0.8 ± 0.1 7 6.7 ± 0.3
207 206.7 133.8 0 1.3 ± 0.1 15 11.3 ± 0.6
DELPHI
189 189.0 151.8 2 3.2 ± 1.1 29 29.8 ± 1.2
192 192.0 25.9 1 1.0 ± 0.2 3 3.2 ± 0.4
196 196.0 76.5 1 1.9 ± 0.6 14 10.9 ± 0.5
200 200.0 83.5 2 0.9 ± 0.3 12 11.6 ± 0.5
202 202.0 40.1 1 2.1 ± 0.4 5 5.6 ± 0.3
205 205.0 78.8 1 2.0 ± 0.6 − −
207 207.0 84.3 2 1.5 ± 0.4 − −
205-207 206.0 163.1 − − 21 26.2 ± 0.8
L3
189 189.0 176.8 0 2.0 ± 0.6 3 3.9 ± 0.5
192 192.0 29.7 1 0.8 ± 0.6 1 1.0 ± 0.2
196 196.0 83.7 4 1.7 ± 0.8 7 2.2 ± 0.7
200 200.0 82.8 0 2.1 ± 0.5 3 3.2 ± 0.5
202 202.0 37.0 1 2.0 ± 0.4 3 2.0 ± 0.3
205 205.0 81.4 2 4.0 ± 0.6 5 7.0 ± 0.7
207 207.0 134.8 2 7.0 ± 0.6 10 7.0 ± 0.6
OPAL
189 188.7 172.1 3 4.0 ± 0.5 13 11.6 ± 1.2
192 191.6 28.9 0 1.0 ± 0.1 7 5.1 ± 0.5
196 195.6 74.8 1 2.9 ± 0.3 6 6.4 ± 0.6
200 199.6 77.2 3 2.7 ± 0.3 10 9.4 ± 0.9
202 201.6 36.1 2 1.2 ± 0.1 8 7.5 ± 0.7
205 205.1 80.3 1 2.0 ± 0.2 11 10.1 ± 1.1
207 206.8 130.8 6 3.8 ± 0.4 14 16.4 ± 1.9
Table 1: The luminosity-weighted mean centre-of-mass energies, the integrated luminosi-
ties, the number of selected data, and expected Monte Carlo background events at all
√
s
are shown for the leptonic and hadronic channels. The errors on the expected background
events are the systematic uncertainties [1–4]. The hadronic channel of the DELPHI Col-
laboration at 205-207GeV is combined in one energy bin.
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Label mt = 169GeV/c
2 mt = 174GeV/c
2 mt = 179GeV/c
2
(GeV) ` (%) q (%) ` (%) q (%) ` (%) q (%)
ALEPH
189 6.0 ± 0.3 14.6 ± 0.8 7.0 ± 0.3 17.0 ± 0.8 6.2 ± 0.3 15.1 ± 0.8
192 5.3 ± 0.3 13.8 ± 0.7 6.2 ± 0.3 16.0 ± 0.7 5.5 ± 0.3 14.2 ± 0.7
196 4.7 ± 0.2 12.6 ± 0.7 5.5 ± 0.2 14.6 ± 0.7 4.9 ± 0.2 13.0 ± 0.7
200 4.2 ± 0.2 11.3 ± 0.7 4.9 ± 0.2 13.1 ± 0.7 4.4 ± 0.2 11.7 ± 0.7
202 3.0 ± 0.2 12.3 ± 0.7 3.5 ± 0.2 14.3 ± 0.7 3.1 ± 0.2 12.7 ± 0.7
205 3.2 ± 0.2 12.6 ± 0.7 3.4 ± 0.2 13.8 ± 0.7 4.7 ± 0.2 13.7 ± 0.7
207 3.2 ± 0.2 12.6 ± 0.7 3.4 ± 0.2 13.8 ± 0.7 4.7 ± 0.2 13.7 ± 0.7
DELPHI
189 7.1 ± 0.9 16.1 ± 0.5 7.8 ± 0.3 16.4 ± 0.5 7.2 ± 0.8 12.3 ± 0.4
192 7.1 ± 0.9 14.1 ± 0.5 6.9 ± 0.9 17.4 ± 0.5 8.9 ± 0.9 13.2 ± 0.5
196 4.2 ± 0.6 16.8 ± 0.5 6.6 ± 0.9 16.2 ± 0.5 5.6 ± 0.9 14.8 ± 0.5
200 4.8 ± 0.4 13.0 ± 0.5 5.8 ± 0.4 16.5 ± 0.5 7.3 ± 0.5 14.0 ± 0.5
202 7.4 ± 0.6 12.1 ± 0.4 8.6 ± 0.5 16.4 ± 0.5 9.8 ± 0.6 13.8 ± 0.5
205 5.8 ± 0.4 − 6.2 ± 0.4 − 7.2 ± 0.5 −
207 4.7 ± 0.4 − 5.5 ± 0.4 − 6.0 ± 0.3 −
205-207 − 12.2 ± 0.4 − 16.4 ± 0.5 − 13.9 ± 0.5
L3
189 6.3 ± 0.2 8.3 ± 0.1 8.3 ± 0.1 6.4 ± 0.1 8.9 ± 0.2 6.1 ± 0.1
192 6.5 ± 0.2 10.0 ± 0.2 9.0 ± 0.2 8.9 ± 0.2 10.6 ± 0.2 7.7 ± 0.1
196 4.9 ± 0.1 9.0 ± 0.1 7.5 ± 0.2 8.3 ± 0.1 9.8 ± 0.2 7.7 ± 0.1
200 3.8 ± 0.1 8.7 ± 0.1 5.8 ± 0.2 8.0 ± 0.1 8.4 ± 0.2 7.8 ± 0.1
202 5.0 ± 0.1 9.9 ± 0.2 7.0 ± 0.2 8.8 ± 0.1 8.9 ± 0.2 8.7 ± 0.1
205 4.1 ± 0.1 8.7 ± 0.1 5.7 ± 0.1 9.3 ± 0.1 6.4 ± 0.2 7.0 ± 0.1
207 4.3 ± 0.1 7.9 ± 0.1 6.0 ± 0.1 8.4 ± 0.1 5.7 ± 0.1 8.5 ± 0.1
OPAL
189 7.5 ± 0.7 10.3 ± 0.9 9.1 ± 0.9 12.8 ± 1.2 6.1 ± 0.6 10.0 ± 0.9
192 7.5 ± 0.9 15.3 ± 1.4 9.5 ± 1.2 18.0 ± 1.6 6.9 ± 0.9 14.9 ± 1.3
196 7.1 ± 0.9 12.8 ± 1.1 8.7 ± 1.1 14.7 ± 1.3 7.2 ± 0.9 12.1 ± 1.1
200 7.1 ± 0.9 14.7 ± 1.3 8.0 ± 1.0 16.0 ± 1.4 7.0 ± 0.9 15.1 ± 1.3
202 6.6 ± 0.8 17.7 ± 1.6 7.5 ± 0.9 18.6 ± 1.7 6.9 ± 0.9 17.3 ± 1.5
205 5.9 ± 0.5 14.4 ± 1.1 7.0 ± 0.6 15.7 ± 1.2 6.2 ± 0.6 13.9 ± 1.1
207 5.8 ± 0.5 12.8 ± 1.0 6.7 ± 0.6 15.4 ± 1.2 6.1 ± 0.6 13.6 ± 1.0
Table 2: The reconstruction efficiencies for the leptonic (`) and the hadronic (q) channels
are shown as a function of the centre-of-mass energy for mt = 169, 174, and 179GeV/c
2
The errors on the efficiencies are the systematic uncertainties [1–4].
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Label mt = 169GeV/c
2 mt = 174GeV/c














189 0.44 0.26 0.38 0.22 0.43 0.25
192 1.21 0.87 1.04 0.75 1.17 0.84
196 0.67 0.57 0.58 0.49 0.65 0.55
200 0.52 0.56 0.45 0.48 0.50 0.54
202 0.76 0.98 0.65 0.84 0.74 0.95
205 0.70 0.55 0.64 0.48 0.59 0.45
207 0.45 0.39 0.41 0.36 0.35 0.32
DELPHI
189 0.28 0.32 0.25 0.30 0.30 0.37
192 1.02 1.02 0.90 0.90 0.96 0.96
196 0.64 0.54 0.55 0.47 0.62 0.53
200 0.70 0.52 0.57 0.42 0.55 0.40
202 0.71 0.89 0.56 0.68 0.58 0.72
205 0.86 1.09 0.80 1.02 0.69 0.88
207 0.37 0.46 0.30 0.36 0.33 0.39
L3
189 0.25 0.29 0.15 0.23 0.18 0.24
192 0.90 0.96 0.90 0.81 0.87 0.78
196 1.12 0.53 1.04 0.44 0.91 0.40
200 0.49 0.62 0.37 0.53 0.44 0.46
202 0.84 1.06 1.00 0.97 0.65 0.80
205 0.66 0.77 0.45 0.67 0.48 0.56
207 0.42 0.53 0.42 0.45 0.33 0.41
OPAL
189 0.30 0.30 0.24 0.24 0.33 0.34
192 0.99 0.96 0.81 0.79 1.04 1.01
196 0.39 0.51 0.33 0.43 0.40 0.52
200 0.55 0.49 0.50 0.44 0.55 0.48
202 1.00 0.82 0.93 0.76 1.00 0.82
205 0.48 0.52 0.43 0.46 0.49 0.52
207 0.47 0.43 0.40 0.36 0.45 0.40
Combination
189 0.15 0.14 0.11 0.11 0.13 0.13
192 0.41 0.39 0.38 0.33 0.42 0.36
196 0.38 0.24 0.36 0.20 0.39 0.22
200 0.26 0.24 0.21 0.21 0.24 0.20
202 0.31 0.40 0.30 0.35 0.27 0.35
205 0.27 0.28 0.22 0.25 0.23 0.24
207 0.19 0.20 0.17 0.18 0.15 0.17
Table 3: The overall expected (σexp.95 ) and measured 95% CL upper limits on single top
production cross-section (σobs.95 ) are reported. The statistical and systematic uncertainties
are included in the calculation of the upper limits. The results in this table assume a

























Figure 1: The light grey region shows the LEP exclusion region at 95% CL in the κZ−κγ
plane for mt = 174 GeV/c
2 from the Born-level cross-section. The exclusion curves for
different values of top quark masses are also shown. The reduction of the branching ratio
Br(t→ bW) due to possible FCNC decays derived at each point in the κγ − κZ plane
is taken into account in the LEP model-dependent limit calculation. The hatched area
shows the CDF κγ − κZ exclusion region [6] and the green arrow shows the ZEUS κtuγ


























Figure 2: The light grey region shows the LEP exclusion region at 95% CL in the κZ−κγ
plane for mt = 174 GeV/c
2 with QCD and ISR corrections. The exclusion curves for
different values of top quark masses are also shown. The reduction of the branching ratio
Br(t→ bW) due to possible FCNC decays derived at each point in the κγ − κZ plane
is taken into account in the LEP model-dependent limit calculation. The hatched area
shows the CDF κγ − κZ exclusion region [6] and the green arrow shows the ZEUS κtuγ


























Figure 3: The light grey region shows the LEP exclusion region at 95% CL for
Br(t→ Zc) + Br(t→ Zu) versus Br(t→ γc) + Br(t→ γu) for mt = 174 GeV/c2 with
QCD and ISR corrections. Here, the reduction of the branching ratio Br(t→ bW) due
to possible FCNC decays is taken into account. The hatched area shows the CDF
exclusion region [6]. ZEUS and H1 limits on κtuγ yield Br(t→ γu) < 0.004 [8] and
Br(t→ γu) < 0.009 [9], respectively.
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